In this study, the density functional theory (DFT) at the gradient-corrected correlation functional of LeeYang-Parr (B3LYP) functional with 6-311++G(2d,2p), correlation-consistent, polarized valence, X-zeta (cc-pVTZ) basis sets, BP86 functional with/6-311++G(2d,2p) basis set and ab initio calculations using the Hartree-Fock (HF)/6-311++G(2d,2p) methods in gas and water phase of neutral and protonated forms of molecules were performed on six thiosemicarbazone derivatives, namely 4-methyl acetophenone thiosemicarbazone (Inh 1), 4-methoxy acetophenone thiosemicarbazone (Inh 2), Benzaldehyde thiosemicarbazone (Inh 3), 4-methoxy benzaldehyde thiosemicarbazone (Inh 4), 4-ethyl benzaldehyde thiosemicarbazone (Inh 5) and 4-bromo benzaldehyde thiosemicarbazone (Inh 6). The quantum chemical parameters/descriptors, namely, dipole moment (D), highest occupied molecular orbital energy (EHOMO), lowest unoccupied molecular orbital energy (ELUMO), HOMO-LUMO energy gap (E), absolute electronegativity (χ), absolute hardness (η), softness (σ), proton affinity (PA), electrophilicity (ω) and nucleophilicity (ɛ) were calculated and correlated with the experimental inhibition efficiencies (%IE). It was observed that the theoretical and experimental results were in good agreement.
industry leads to great economic loss. One of the most effective alternatives to protect the metals against this undesirable process is the use of the inhibitors that being adsorbed on metal surface. It is important to note that the most effective corrosion inhibitors are π-systems and heterocyclic organic compounds including heteroatoms such as O, N, S [2] [3] [4] . Corrosion inhibition process can be described as the formation of donor-acceptor surface complexes between vacant d-orbital of a metal with free or π-electrons of organic inhibitor, generally including aforementioned heteroatoms. The efficiency of a corrosion inhibitor against the corrosion of any metal depends on not only the characteristic of the environment and the structure of inhibitor but also the nature of metal surface. Experimental tools as weight loss, Electrochemical Impedance Spectroscopy, potentiodynamic polarization, Fourier transform infrared spectroscopy and Scanning Electron Microscopy are very useful to explain the inhibition mechanisms and inhibition efficiencies of corrosion inhibitors but it is known that these techniques are often expensive and time-consuming [5] [6] [7] [8] .
The anions such chloride, sulphate and bicarbonate as most commonly found in water causes corrosion and the effect on the corrosivity of the sulphate ions in water is greater than the chloride ion, however the bicarbonate ion demonstrates Inhibitive tendencies.
Sulfate coming from fuel during combustion in the gas turbine reacts with sodium chloride at high temperatures and sodium sulphate forms, then it deposits on the hot section Parts, such as rotary blades and nozzle guide vanes and, causing in accelerated oxidation attack [9] .
Basim and et al. investigated corrosion rate of carbon steel in Sodium sulphate (Na2SO4) under flow conditions using rotating cylinder electrode (RCE) in range of 0-2000 rpm rotation velocity and 32-52 ℃ temperatures with electrochemical polarization technique (limiting current density) and weight loss method in different salt concentrations between 0.01 to 0.4 M. The results of Basim and et al. showed that the increase in rotational speed caused a significant increase in the corrosion rate represented by limiting the current density [10] . Sodium sulphite (Na2SO3) utilized as oxygen scavenger reacts with oxygen at low temperature and pressure and sodium sulphate occurs and causes severe attack to the tubes of the boiler [11] .
Mrowczynski and Szklarska-Smialowska investigated inhibition effect of 6-10 carbon atoms normal aliphatic acids in the molecule in 0.05 M aerated solutions Na2SO4 in the pH range of 6-12 and they found that the depolarization of oxygen atom is not the only factor responsible from protection of the surface of iron metal in aerated solution containing a critical concentration of the inhibitor [12] .
The performance of an organic inhibitor depends on the chemical structure and physicochemical properties of the molecules such as energy of frontier orbitals, electron density of donor atoms, hardness, softness, of the molecule. Quantum chemical calculations have been performed to study the mechanism of corrosion inhibition [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
Many studies showed that thiosemicarbazone derivatives are quite effective corrosion inhibitors against the corrosion of various metals. Recently, Arab and Emran [29] studied the corrosion and corrosion inhibition of Fe78B13Si9 glassy alloy with some thiosemicarbazone derivatives in 0.2 M Na2SO4 solution containing 10% MeOH and reported that the inhibition efficiency ranking for at 10 −4 M acetophenone thiosemicarbazone compounds both electrochemical measurements are Inh 2>Inh 1 and for benzaldehyde thiosemicarbazone and its p-substituted derivatives is Inh 4>Inh 5>Inh 3>Inh 6.
Experimental results means are useful to explain the inhibition mechanism but they are often expensive and time-consuming. Developments in computer and software technology have led to the widespread use of theoretical chemistry in corrosion inhibition research. Several quantum chemical methods and molecular modelling techniques have been performed to correlate the inhibition efficiency of the inhibitors with molecular properties of inhibitors [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The reactive ability of the inhibitor is closely linked to their frontier molecular orbitals (MO) with highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) and the other parameters such as hardness (η) and softness (σ). Recently, Density Functional Theory (DFT) has become an attractive theoretical method because it gives significant results for even big complex molecules at low cost [40] [41] [42] .
In this study, a detailed quantum chemical studies of the Inh 1-6 molecules (Figure 1 ) have been performed using density functional theory (DFT) and ab initio methods within a standard Gaussian 09 (Revision B.05) [43] . The correlation between the quantum chemical parameters such as the frontier orbital energies, the energy gap between frontier orbital energies differences, hardness, softness, electrophilicity, nucleophilicity, proton affinity, dipole moment, Mulliken charges on heavy atoms and inhibition efficiency have been found and discussed in gas and water phase of neutral and protonated forms of molecules by using different methods and basis sets. 
COMPUTATIONAL DETAILS

Calculation Method
Gaussian package program was used for all calculations such as the gradient-corrected correlation functional of Lee-Yang-Parr (B3LYP) [44] functional, combining Becke's 1988 exchange functional with the correlation functional by Lee, Yang, and Parr, in conjunction with the B3LYP/6-311++G(2d,2p) and 6-311++G(3df,3pd), cc-pVTZ basic sets. Basic sets improved by Dunning and coworkers [45] are designed to converge systematically to the complete basis set (CBS) limit by using empirical extrapolation techniques. The cc-p, stands for correlation-consistent polarized and the V indicates they are valence-only basic sets. BP86 [46] which is composed of the Becke 1988 exchange functional and the Perdew 86 correlation functional and Restricted Hartree-Fock (RHF) methods in conjunction with the 6-311++G(2d,2p) basis set also were used to perform all the studied calculations. The mentioned calculations were performed in the gas and water medium in neural and protonated forms.
Definitions and Equations
Quantum chemical parameters like chemical hardness (η), chemical potential (μ) and electronegativity (χ) can be considered as measures of electron donating or accepting capabilities of chemical compounds [42] [43] [44] [45] [46] [47] [48] [49] . In the Conceptual Density Functional Theory (CDFT) [50, 51] that provided important contributions to the development of quantum chemistry, aforementioned quantum chemical parameters are described as below as the derivative of electronic energy (E) with respect to number of electron (N) at a constant external potential υ(r).
It is seen from the Eq. 1, electronegativity is given as the negative of the chemical potential. To calculate approximately the chemical hardness, chemical potential and electronegativity, Pearson and Parr applied the finite differences approach [52] to the mathematical definitions given above and presented the following equations based on ground state ionization energy (I) and electron affinity (A) values of chemical species such as atom, ion or molecule to calculate aforementioned parameters. Here, it is important to note that softness (σ) that can be considered as a measure of the polarizability is the multiplicative inverse of chemical hardness ().
As is known, the most applicable acid-base definition is Lewis acid-base definition. Lewis acidbase definition describes a base as electron pair donor. It should be noted that there is a significant correlation and proton affinity. Proton affinity [55] also is an important parameters used to predict inhibition efficiencies of chemical compounds. Although some authors pointed out that proton affinity is the negative of electronegativity, we calculated proton affinity of studied molecules considering following formulas.
where, Enon-pro is the energies of the non-protonated and Epro is the energies protonated Inhibitors, EH + is the energy of H + ion and was calculated as:
According to Parr and co-workers [56] , global molecular electrophilicity (ω) and global molecular nucleophilicity (ɛ) index can be calculated based on molecular electronegativity and molecular hardness values of studied compounds with the help of the following equations, respectively.
RESULTS AND DISCUSSION
Quantum chemical calculations and molecular modelling techniques are widely considered to characterize the molecules in terms of reactivity shape and binding properties [57, 58] . Quantum chemical parameters like ionization energy, electron affinity, EHOMO and ELUMO, chemical hardness and softness, dipole moment, proton affinity, electronegativity, electrophilicity and nucleophilicity are very useful and provide important hints to predict theoretically the inhibition efficiencies of molecules.
According to the frontier molecular orbital theory (FMO), the chemical reactivity of molecule is a function of interaction between HOMO and LUMO levels of the reacting species [36] . HOMO and LUMO are known as frontier orbitals, and these energies of a molecule play important role in the determination of its molecular reactivity or stability. EHOMO and ELUMO are very widely used parameters associated with electron donating and electron accepting ability of molecules, respectively. HOMO orbital includes the electrons having high energy and acts as an electron donor orbital. On the other hand, LUMO act is an electron acceptor orbital [59, 60] . It's important to note that the corrosion inhibition performances of molecules can be predicted in the light of the energies of aforementioned orbitals. Frontier Molecular orbital theory states that a molecule with high EHOMO value acts a good corrosion inhibitor giving the electrons to metal surface. On the other hand, ELUMO is associated with electron accepting ability of a molecule, and a molecule having low ELUMO value cannot act a good corrosion inhibitor and it is ineffective against the corrosion of metal surfaces.
The optimized molecular structures HOMOs, LUMOs and total electron density are also given in Figure 2 for gas phase by using DFT/B3LYP/6-311++G(2d,2p) basic set. From the Figure The presence of sulfur atoms together with several p-electrons on these molecules to be causes strong adsorption of the inhibitors on the steel surface. Also, this figure shows that there is much more electron density in the vicinity of sulfur atoms for all studied molecules. The results show that adsorption of molecules on the metal surface with C = S bond is easier. Obi-Egbedi and et al. showed that the C = S bond with the metal surface adsorbed more easily [61] .
In supplementary Tables S1-5 , calculated quantum chemical parameters are presented for studied molecules and their gas and water medium in neural and protonated forms. At this stage, we should give some explanations about labelling in the supplementary tables. w and p symbols represent the water phase and protonation process. For instance, the label of Inh 2w-1p shows that Inh 2 is protonated on the nitrogen atom numbered 1 in water phase. The label of Inh 1-Sp means that Inh 1 is protonated on the sulfur atom in the gas phase. The schematic representation of studied compounds is given via Figure 3 . In this figure, the number and the places of nitrogen and sulfur heteroatoms are showed clearly. EHOMO values of Inh 1-6 molecules were found for gas phase -5.819, -5.709, -5.955, -5.735, -5.682, -9.062 eV by using DFT/B3LYP/6-311++G(2d,2p) basic set, respectively (supplementary Table S1 ). According to these results, the electron donating trends for study molecules for gas can be written as: Inh 1>Inh 2 for acetophenone thiosemicarbazone compounds, and Inh 6>Inh 3>Inh 5>Inh 4 for benzaldehyde thiosemicarbazone and its p-substituted derivatives. EHOMO and ELUMO values in Inh 2 for acetophenone thiosemicarbazone compounds and Inh 4 for benzaldehyde thiosemicarbazone and its p-substituted derivatives molecules are lower than other molecules. This is due to the methoxy group attached to the phenyl ring of Inh 2 and Inh 4 molecules. As is known, the methoxy group is an electron attracting group. Considering the information given above about HOMO-LUMO energy levels and their relationships with corrosion inhibition efficiency, inhibition efficiencies of investigated molecules obey the order: Inh 2>Inh 1 for acetophenone thiosemicarbazone compounds and Inh 4>Inh 5>Inh 3>Inh 6 for benzaldehyde thiosemicarbazone and its p-substituted derivatives. This result is in good agreement with experimental data obtained by Arab and Emran [29] . Chemical hardness, softness and E are closely interrelated chemical properties [61] [62] [63] . Chemical hardness introduced in 1960s by Pearson [64] is defined as the resistance towards electron cloud polarization or deformation of chemical species. According to the Maximum Hardness Principle states; "a chemical system tends to arrange itself so as to achieve maximum hardness and chemical hardness can be considered as a measurement of stability" [65] . Pearson showed that hard molecules with a high E values are more stable compared to soft molecules with a low E values. E values of Inh 1-6 molecules were found for gas phase by using DFT/B3LYP/6-311++G(2d,2p) basic set 4.047, 4.055, 3.822, 3.862, 3.835, 3.724 eV, respectively (supplementary Table S1 ). Inh 2 molecule is found more stable than other molecule Inh 1, and Inh 4 is found more stable than other benzaldehyde thiosemicarbazone and its p-substituted derivatives molecules for gas phase due to the fact that a large E value is observed. The softness is a measure of the polarizability of chemical species. Soft molecules give easily the electrons to metal surface and as act good corrosion inhibitors. Adsorption of inhibitor onto a metallic surface occurs in the part of a molecule having the greatest softness and lowest hardness [66] . Hasanov et. al. stated that softness is a local property and adsorption could occur at the part of the molecule where softness has a highest value [67] . The calculations indicate that Inh 2 among acetophenone thiosemicarbazone compounds, Inh 4 among benzaldehyde thiosemicarbazone and its psubstituted derivatives have lower chemical hardness values compared to the others. In the light of calculated quantum chemical parameters, such as EHOMO, ELUMO, hardness, softness and HOMO-LUMO energy gap values presented in supplementary Tables S1-4 for studied compounds. The corrosion inhibition efficiency rankings can be written as Inh 2>Inh 1 for acetophenone thiosemicarbazone compounds and Inh 4>Inh 5>Inh 3>Inh 6 for benzaldehyde thiosemicarbazone and its p-substituted derivatives. These rankings also are very compatible with experiments made.
Electronegativity that is defined as the electron attracting power of chemical species is a key parameter in corrosion studies and is widely used in the prediction of Inhibitive properties of molecules [68] . According to Sanderson's "electronegativity equalization principle" [69] when a metal and an inhibitor come closer to each other, electrons flow from inhibitor with having a low electronegativity value to metal with having a higher electronegativity value, until their chemical potentials or electronegativities become equal. It can be easily understood from this expression, the electronegativity of inhibitor molecule determines the fraction of electrons transferred from the inhibitor to metal surface. A good corrosion inhibitor has low electronegativity value. From supplementary Table S2 , it is possible to observe that 3.944, 3.682, 4.044, 3.805, 3.944 and 4.199 eV by using B3LYP/6-311++G(2d,2p) basic set and 3.834, 3.308, 4.049, 3.341, 3.962 and 4.191 eV by using BP86/6-311++G(2d,2p) basic set for molecules 1-6 in gas phase, respectively. The order of electronegativity follows the trend Inh 2<Inh 1 for acetophenone thiosemicarbazone compounds and Inh 4<Inh 5<Inh 3<Inh 6 for benzaldehyde thiosemicarbazone and its p-substituted derivatives, which are agreement with experimental data. The same trend is seen in other basic sets as well for in gas and water phase of neutral and protonated forms of molecules by using different methods and basis sets (see supplementary Tables S1-4) .
Proton affinity (PA) is defined as the enthalpy change of the reaction with hydrogen ion of a chemical species in the gas phase. This quantity that is a measure of the basicity and it is provides important clues about electron donating or accepting abilities of compounds [55] . Organic molecules including nitrogen and sulfur heteroatoms like thiosemicarbazone derivatives have high tendency to protonation in acidic media and aqueous solution. Therefore, we analyzed the both neutral and protonated forms of studied compounds to predict their proton affinities using Eq. 10 and 11. Kaya et. al. reported that corrosion inhibition efficiency increases as the negative value of proton affinity increases [70] . PA values of investigational molecules Inh 1-6 for gas phase were found by using three methods and the results: -2.287, -2.361, -2.145, -2.322, -2.231, -2.073 eV with B3LYP/6311++G(2d,2p) method, respectively (PA results of the other methods for gas and water phase of neutral and protonated forms of molecules phase can be seen in supplementary Tables S2 and S4 ). The results obtained showed that the corrosion inhibition efficiency rankings for studied compounds in terms of the proton affinity values can be given as: Inh 2>Inh 1 for acetophenone thiosemicarbazone compounds and Inh 4>Inh 5>Inh 3>Inh 6 for benzaldehyde thiosemicarbazone and its p-substituted derivatives. This further supports the experimental results.
Recently, some authors calculated and used electrophilicity (ω) and nucleophilicity () indexes of molecules in corrosion studies and noted that these indexes are useful theoretical descriptors in the prediction of Inhibitive performances of molecules against the corrosion of metal surfaces [71, 72] 
Dipole moment (D) is another indicator of corrosion inhibition efficiencies of chemical compounds. Although some authors reported that there is no any remarkable relationship between dipole moment and inhibition efficiency, several authors showed that corrosion inhibition efficiency increases with the increasing of the dipole moment [35] . In some studies, authors supported that increasing value of dipole moment facilitates the electron transport process [73, 74] . Here, our calculated dipole moment values are in good agreement with experimental corrosion inhibition efficiencies. For instance, in supplementary Table S2 , calculated dipole moment values for molecules Inh 1-6 by 6-311++G(2d,2p) method for gas phase are 6.011, 7.027, 5.405, 7.132, 6.243 and 3.441, respectively. It is apparent that this data given is very compatible with experimental results. Namely, our calculations can be considered a new support for the relation between dipole moment with inhibition efficiency.
As can be seen from calculations made and electrostatic potential structures given in Figure 2 , the most suitable region for the protonation of studied thiosemicarbazone derivatives is on the sulfur atom (red colour). In such studies, electronic charge analysis for atoms in the molecules is important because binding capability of a molecule depends also on electronic charge on heteroatoms of the molecule. The binding facilitates as the negative charge on heteroatom increases [58] . In the study, to calculate the atomic charges we used Mulliken population analysis [75] . In supplementary Table S5 , calculated Mulliken charges on sulfur atom in studied molecules using some calculation levels are given. It can be seen from the mentioned table, Mulliken charges calculated also are very compatible with experimental inhibition efficiencies.
CONCLUSIONS
In this computational study, using some calculation levels that are widely considered in corrosion studies, we investigated a correlation between electronic structure parameters like frontier orbital energies, hardness, softness, HOMO-LUMO energy gap, dipole moment, electronegativity, proton affinity, electrophilicity, nucleophilicity, Mulliken charges and experimental inhibition efficiencies of some thiosemicarbazone derivatives (Inh 1-6) . Most of the calculated parameters using B3LYP/6311++G(2d,2p), B3LYP/cc-pVTZ and BP86/6-311++G(2d,2p) calculation levels for neutral and protonated forms of mentioned molecules show excellent agreement with experimental data confirming the reliability of the calculation levels employed. From the theoretical data, the inhibitive performances of studied compounds obey the order: Inh 2>Inh 1 for acetophenone thiosemicarbazone compounds and Inh 4>Inh 5>Inh 3>Inh 6 for benzaldehyde thiosemicarbazone and its p-substituted derivatives and these rankings agree well with experiment. Table S1 . The calculated quantum chemical parameters, HOMO, LUMO, E for the non-protonated for gas and solvent phase compounds by using B3LYP/6-311++G(2d,2p), B3LYP/cc-pVTZ and BP86/6-311++G(2d,2p) methods. Table S4 . The calculated other quantum chemical parameters for the protonated for gas and solvent phase compounds by using B3LYP/6-311++G(2d,2p), B3LYP/cc-pVTZ and BP86/6-311++G(2d,2p) methods. 
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